Hypoxic-ischemic brain injury is a leading cause of neurodevelopmental morbidities in preterm and full-term infants. Blood-brain barrier dysfunction represents an important component of perinatal hypoxic-ischemic brain injury. The extracellular matrix (ECM) is a vital component of the bloodbrain barrier. Matrix metalloproteinases (MMPs) and tissue inhibitors of matrix metalloproteinases (TIMPs) are important ECM components. They contribute to brain development, blood-brain barrier maintenance, and to regenerative and repair processes after hypoxic-ischemic brain injury. We hypothesized that ischemia at different durations of reperfusion affects the ECM protein composition of MMPs and TIMPs in the cerebral cortex of fetal sheep. Cerebral cortical samples were snap-frozen from sham control fetuses at 127 days of gestation and from fetuses after exposure to 30-min carotid occlusion and 4-, 24-, and 48-h of reperfusion. Protein expression of MMP-2, -8, -9, and -13 and TIMP-1, -2, -3, and -4 was measured by Western immunoblotting along with the gelatinolytic activity of MMP-2 and MMP-9 by zymography. The expression of MMP-8 was increased (Kruskal-Wallis, p = 0.04) in fetuses 48 h after ischemia. In contrast, changes were not observed in the protein expression of MMP-2, -9, or -13. The gelatinolytic activity of pro-MMP-2 was increased (ANO-VA, p = 0.02, Tukey HSD, p = 0.05) 24 h after ischemia. TIMP-1 and -3 expression levels were also higher (TIMP-1, ANOVA, p = 0.003, Tukey HSD, p = 0.01; TIMP-3, ANOVA, p = 0.006, Tukey HSD, p = 0.01) 24 h after ischemia compared with both the sham controls and with fetuses exposed to 4 h of reperfusion. The changes in the expression of TIMP-1, -2, and -3 correlated with the changes in the MMP-8 and -13 protein expression. We speculate that regulation of MMP-8, MMP-13, and TIMPs contributes to ECM remodeling after ischemic-reperfusion injury in the fetal brain.
Introduction
Hypoxic-ischemic injury can impair normal brain development and is associated with disorders such as cerebral palsy, seizures, and developmental delay [1, 2] . Major disturbances in blood-brain barrier (BBB) function are associated with hypoxic-ischemic brain injury [3, 4] . The BBB consists principally of vascular endothelial cells connected by tight junctions that are surrounded by astrocytic end feet and an extracellular matrix (ECM) [3, [5] [6] [7] .
The ECM of the basement membrane continuously undergoes controlled remodeling during development and is important in hypoxic-ischemic brain injury and pediatric stroke [8] [9] [10] [11] [12] [13] . Remodeling of the ECM is facilitated primarily by matrix metalloproteinases (MMPs) and their endogenous tissue inhibitors (TIMPs) [14] [15] [16] . MMPs are a family of neutral ECM-degrading proteases including gelatinases (MMP-2 and -9) and collagenases (MMP-8 and -13) [17] [18] [19] [20] . The expression and activity of MMPs are altered in response to hypoxic-ischemic insults and represent potential therapeutic targets in perinatal hypoxic-ischemic brain injury [11] [12] [13] 21] . TIMPs are a small family of 4 secreted protease inhibitors including TIMP-1, -2, -3, and -4. They inhibit the enzymatic activity of MMPs and, consequently, regulate ECM turnover during physiological and pathological processes [22, 23] .
The extent of reperfusion injury after hypoxic-ischemic insults varies considerably based upon the timing of the insult in relation to birth and the duration of time elapsed before resuscitative measures are completed. Consequently, it is important to understand the effects of different durations of reperfusion after ischemia on brain injury to determine therapeutic strategies that could attenuate the untoward effects of perinatal brain damage [24] . Accumulating evidence suggests that there is an association between BBB dysfunction and changes in MMPs and TIMPs after hypoxic-ischemic brain injury in the neonatal rodent brain [13, 25, 26] . However, the expression profiles of MMPs and TIMPs have not previously been examined after ischemia in the brain of a large mammalian fetus. We used the preclinical fetal sheep model exposed to ischemia-reperfusion-related brain injury [27] to examine the expression profiles of MMPs and TIMPs. The neurodevelopmental maturation of fetal sheep at 127 days of gestation is approximately similar to the near-term human fetal brain [28] . We have previously demonstrated increases in BBB permeability 4, 24, and 48 h after ischemia in the sheep fetus [4] . The objective of the present study was to examine the effects of different durations of reperfusion after ischemia on the ECM protein composition of MMPs and TIMPs in the cerebral cortex of fetal sheep.
Materials and Methods
The current study was approved by the Institutional Animal Care and Use Committees of the Warren Alpert Medical School of Brown University and of the Women & Infants Hospital of Rhode Island, and is in accordance with the National Institutes of Health Guidelines for the use of experimental animals.
Animal Preparation, Study Groups, and Experimental Design
We obtained cerebral cortical samples from fetal sheep at 127 days (85% gestation; term = 147 days) after they had been exposed to in utero brain ischemia and to 1 of 3 different durations of reperfusion. We examined the cerebral cortex as it represents an important brain region, and because we had residual frozen frontal cerebral cortical samples from our previous studies [4, [29] [30] [31] . We have recently published a detailed schematic that we have used for our brain sample preparation in similar studies [32] . Briefly, onehalf of the fetal brain was dissected to measure regional BBB permeability for a previous study [4] . A coronal brain section of another half of the fetal brain was obtained at the level of the hypothalamus (mammillary bodies) for histopathological analysis [32] . The residual frozen brain from the frontal cortex was saved and used in prior publications [4, 29, 31, 32] and for the current study in order to maximize information obtained from this complex large animal resource. Unfortunately, although we have previously measured BBB permeability and tight junction proteins in some of the fetal sheep reported in the current study, we did not have sufficient residual tissue remaining from the sham control animals. This limits our ability to compare the MMP results in the current report to our previous measures of tight junction proteins and BBB permeability [4] .
Surgical procedures were performed as described in detail elsewhere [4, 33] . Briefly, surgery was performed on the pregnant ewes at 120-122 days of gestation under ketamine (10 mg/kg) and 1-2% isoflurane anesthesia. Catheters were placed in a brachial vein and in the thoracic aorta via a brachial artery in the sheep fetus as described in our previous studies [4] . Fetal carotid arteries were exposed, and vertebral-occipital anastomoses and lingual arteries ligated to limit blood flow from the vertebral circulation and noncerebral sources, respectively [27] . Two inflatable vascular occluders (In Vivo Metric, Healdsburg, CA, USA) were then placed around each carotid artery [4] .
The pregnant ewes were permitted to recover for 5-7 days postoperatively. The ewes were then randomly assigned to 4 groups: instrumented nonischemic treated (sham, n = 4-7, sex not determined); 30 min of carotid occlusion, hereafter referred to as ischemia, with 4 h of reperfusion after ischemia (I/R-4, 1 male, 4 females); ischemia and 24-h reperfusion (I/R-24, 4-5 males, 1-5 females); or ischemia and 48-h reperfusion (I/R-48, 3 males, 2 females, the sex of 3 animals was not determined) [4] . Brain ischemia was induced by inflating the carotid artery occluders for 30 min, and then deflating them for 4, 24, or 48 h of reperfusion. The occluders were not inflated in the sham fetal sheep. The ewe and fetus were then euthanized with an intravenous pentobarbital (100-200 mg/kg) infusion before the fetus was weighed, and its brain was quickly removed and weighed. One out of the 40 sheep enrolled in this study died before the onset of the study.
Western Immunoblot
We extracted a portion of the cerebral cortical samples in buffer F (10 mM Tris-HCl [pH 7.05], 50 mM NaCl, 30 mM sodium pyrophosphate, 50 mM NaF, 5 µM ZnCl 2 , 0.1 mM sodium orthovanadate, 1% Triton X-100) with 1% complete protease inhibitor cocktail (Roche, Nutley, NJ, USA). The bicinchoninic acid protein assay (BCA; Thermo Fisher Scientific TM , Waltham, MA, USA) was used to determine the total protein concentrations of the homogenates. We fractionated 20 μg of total protein per well via sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) DOI: 10.1159/000489700 and transferred the extracts onto polyvinylidene difluoride membranes (0.2 µm; Bio-Rad Laboratories, Hercules, CA, USA) using a semi-dry technique. We probed the immunoblotted membranes with primary rabbit polyclonal antibodies for MMP-8 and MMP-13 (Bioss Antibodies, Woburn, MA, USA), TIMP-1 (EMD Millipore, Billerica, MA, USA), TIMP-2, and TIMP-4 (Abbiotec LLC, San Diego, CA, USA) at a dilution of 1: 5,000 and used primary mouse monoclonal antibodies to probe for TIMP-3 (Lifespan Biosciences, Seattle, WA, USA) at a dilution of 1: 5,000, and for MMP-2 and MMP-9 (biotin-conjugated; Lifespan Biosciences), vinculin (Thermo Fisher Scientific TM ), and β-actin (Bio-Rad Laboratories) at a dilution of 1: 10,000. After an overnight incubation at 4 ° C, the membranes were then incubated for 1 h with goat anti-rabbit (Alpha Diagnostic, San Antonio, TX, USA) for MMP-8, MMP-13, TIMP-1, TIMP-2, and TIMP-4, or with goat anti-mouse (Thermo Fisher Scientific TM ) for TIMP-3, vinculin, and β-actin, and with streptavidin-horseradish peroxidase conjugates (Thermo Fisher Scientific TM ) for MMP-2 and MMP-9, at a dilution of 1: 10,000. We visualized the signals using enhanced chemiluminescence (ECL Prime; GE Healthcare Bio-Sciences, Pittsburgh, PA, USA) before exposure to autoradiographic film (Phenix, Candler, NC, USA). We detected pro-MMP-2, cleaved-MMP-2, MMP-8, MMP-13, TIMP-1, TIMP-2, TIMP-3, TIMP-4, β-actin, and vinculin bands at 72, 64, 53, 54, 26, 24, 26, 25, 42 , and 117 kDa, respectively. Omission of the primary antibodies eliminated the chemiluminescent signals, thereby establishing the specificity of the primary antibodies to detect the specific protein bands. The expected bands for pro-MMP-9 and cleaved-MMP-9 were 92 and 83 kDa, respectively. However, we detected pro-MMP-9 and cleaved-MMP-9 bands at a range of 50-75 kDa. We speculate that these ranges are a result of factors including specificity of the primary antibodies, animal species, or posttranslational protein modifications.
All experimental samples were normalized to an internal control (IC) protein standard sample derived from the brain of a single adult sheep. Our laboratory has previously described the use of the IC sample as a reference standard for immunoblots to ensure consistent quality of loading and transferring, and to control for variability across gels [4, [34] [35] [36] [37] . We employed this method in our laboratory because our initial studies showed that most of the traditional housekeeping protein standards are affected by development and ischemic injury in sheep, thereby necessitating an alternative normalization method. We have previously shown direct linear correlations between integrated optical density (IOD) values normalized to the IC samples and those normalized to β-actin, when one age group was studied, e.g., newborn lambs [38] . In addition, we have compared claudin-3 expression normalized as the ratio to the IC standard with values normalized as ratios to vinculin and found that the values demonstrated an excellent correlation [31] . Therefore, experimental autoradiographic values are expressed as IOD ratios to the IC samples in order to normalize comparisons between the different groups and immunoblots. Similar normalizing techniques have also been reported by others [13] . Vinculin or β-actin was further used as a loading control to verify equal loading in each lane.
Gelatin Zymography
The gelatinolytic activities of cerebral cortical MMP-2 and MMP-9 were measured by gelatin zymography. The frozen cerebral cortical tissues were homogenized (100-150 mg) on ice using a lysis buffer that contained 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% nonidet P-40, 0.1% SDS, 0.1% deoxycholic acid, and 1% complete protease inhibitor cocktail (Roche) for 2 h. The homogenates were centrifuged at 16,000 g and 4 ° C for 10 min to remove any insoluble material. Total protein concentrations of the homogenates were determined with a BCA protein assay. Samples of 33.3 µg of protein along with MMP-2/MMP-9 protein standards (human recombinant MMP-2 and MMP-9 proteins; EMD Millipore) were electrophoresed on 10% Novex Zymogram gelatin gels (Thermo Fisher Scientific TM ) for 90 min at 120 V before incubation in Novex Zymogram renaturing buffer (Thermo Fisher Scientific TM ) for 30 min. Thereafter, the renaturing buffer was removed, and the gels gently agitated in Novex Zymogram developing buffer (ThermoFisher Scientific TM ) at room temperature for 30 min. The developing buffer was removed before incubating the gel overnight in fresh buffer at 37 ° C. After the overnight incubation, the gel was rinsed thrice with deionized water for 5 min each and gently agitated with the staining solution (40% methanol, 10% acetic acid, 0.5% Coomassie blue R-250) for 1.5 h at room temperature. The gels were then destained by gentle agitation with the destaining solution (40% methanol, 10% acetic acid) for 2-4 h. Areas of proteolytic activity appeared as clear bands against a blue background where gel substrate had been digested by the protease.
Measurement of BBB Transfer Constant (K i )
The BBB transfer constant (K i ) used in the present study was from the same cohort of animals reported in our previous studies [4, 29, 31] and was measured with the BBB tracer α-[
14 C]-aminoisobutyric acid (AIB; 103 Da; American Radiolabeled Chemicals, Inc., St. Louis, MO, USA), as previously described in detail [4, 39] . Briefly, α-( 14 C)-AIB (27.6 ± 5.7 µCi/kg, mean ± SD) was rapidly injected intravenously, and arterial plasma α-( 14 C)-AIB concentrations were obtained both before and after injection. Brain vascular volume was determined by intravenously administering 99m Tc-radiolabeled red blood cells (RBCs) to the fetus 2 min before the end of the studies [4, 39] .
Fetal plasma and cerebral cortex were prepared and radioactivity was quantified for α-[ 14 C]-AIB as previously described [4, 39] . Knowledge of the plasma concentration profile and tracer concentration in the parenchyma allows for calculation of the K i [4, 39] :
dT where A br is the amount of tracer that crossed the BBB from blood to brain during the tracer study (dpm × g -1 ), and c p is the tracer concentration in plasma (dpm × µL Tc-labeled RBCs [4, 39] . However, the samples in the current study represented residual tissue samples from our former work, and, unfortunately, we did not have sufficient tissue remaining from the sham control sheep, thereby limiting comparisons between the K i values and MMPs.
Densitometric Analysis
A Gel-Pro Analyzer (Media Cybernetics, Silver Spring, MD, USA) was used to measure relative band intensities. Experimental densitometry values for gelatinolytic activity in each study group were normalized to the average of 3 adult cerebral cortical samples. The densitometry readings of the protein expression were normalized to the average protein expression of the 3 IC values on each immunoblot, as previously described [4, 34, 35, 40] . The final values represent an average of the IOD values obtained from at least 2 different immunoblots and are shown as a ratio to IC.
Statistical Analysis
The Western immunoblot and zymography results are expressed as means ± SD. The percentages of cleaved-MMP-2/total MMP-2, pro-and cleaved-MMP-9, cleaved-MMP-9/total MMP-9, pro-MMP-2 zymography, TIMP-1, -2, and -3 were normally distributed based upon the Shapiro Wilk's W normality test. The differences in brain MMP and TIMP expressions were analyzed by 1-way analysis of variance (ANOVA). If a significant difference was detected, Tukey's honest significant difference (HSD) test for multiple comparisons was used as a post hoc method. On the other hand, pro-and cleaved-MMP-2, cleaved-MMP-2 zymography, MMP-8, MMP-13, and TIMP-4 were not normally distributed. Therefore, these results were analyzed for differences between the multiple independent groups by the Kruskal-Wallis ANOVA and median test. Specific differences between these groups were determined with mean rank multiple comparison test if a significant difference was detected. In addition, a power analysis was performed to confirm that the present study had an adequate sample size to determine a minimum detectable difference. This analysis confirmed a minimum detectable difference given with our sample size achieved a power of 80% to detect differences among the means with an α of p = 0.05 (SAS Institute, Cary, NC, USA).
Correlations between MMP-8 and TIMP-1, TIMP-2, TIMP-3, and between MMP-13, and TIMP-1, TIMP-2, and TIMP-3 were compared with the Pearson product-moment correlation coefficient using the STATISTICA package (Dell Statistica, Tulsa, OK, USA). Potential associations between changes in the BBB transfer constant K i and MMP expression were examined in the ischemic animals that were exposed to the different durations of reperfusion using stepwise multiple regression analysis. Missing values with pairwise deletions were excluded. p < 0.05 was considered statistically significant. 
Results
Gestational age, brain weight, and fetal body weight did not differ among sham and ischemia-reperfusion groups (4, 24, or 48 h), as we have previously reported (data not shown) [4] . Physiological variables such as arterial pH, pO 2 and pCO 2 , heart rate, and mean arterial blood pressure values were also within the normal physiological range for our laboratory and did not change during the study periods within or between the groups (data not shown) [4, 41] . Sex differences for the MMPs or TIMPs could not be determined because of our limited sample size.
MMP-2 and MMP-9 Expression and Gelatinase Activities after Ischemia-Reperfusion Injury in Fetal Sheep Cerebral Cortex
The protein expression levels of pro-and cleaved-MMP-2 and -9 in the cerebral cortices of the fetal sheep obtained from the sham and (4-, 24-, and 48-h) ischemiareperfusion groups detected by Western immunoblot are summarized in Figure 1 , and the gelatinolytic activities measured by zymography in Figure 2 . The expression of the pro-and cleaved-MMP-2 and -9 were determined by calculating the ratio of the IOD values of the cerebral cortices from each study group to the average IC values (Fig. 1a, b, d, e) , whereas gelatinolytic activities were calculated as the ratio to the average values of 3 separate adult sheep cerebral cortices. In addition, percent IOD values of cleaved-MMP-2 and -9 to total MMP-2 and -9 expression levels are also calculated (Fig. 1c, f) . The values of pro-, cleaved-, and percent of cleaved-MMP-2 and -9 expression did not differ between the sham control group and the groups exposed to 4, 24, and 48 h of reperfusion after ischemia. However, the gelatinase activity of pro-MMP-2 was increased 24 h after ischemia compared with the sham group ( Fig. 2 ; ANOVA, p = 0.02, F = 3.79, p = 0.05). The gelatinolytic activities of cleaved-MMP-2 and pro-and cleaved-MMP-9 could not be detected by zymography in the fetal sheep cerebral cortices (data not shown).
MMP-8 and -13 Collagenase Expression after Ischemic-Reperfusion Injury in Fetal Sheep
Cerebral Cortex MMP-8 protein expression in the cerebral cortex gradually increased with increasing duration of reperfusion after ischemia and became significantly higher 48 h after ischemia compared with the sham group ( Fig. 3a ; Kruskal-Wallis test, p < 0.05). However, although a similar pattern of change was observed for MMP-13 expression, a statistically significant increase was not observed ( Fig.  3b ; Kruskal-Wallis test, p = 0.06).
TIMP-1, -2, -3, and -4 Expression after IschemiaReperfusion Injury in Fetal Sheep Cerebral Cortex
TIMP-1, -2, -3, and -4 expression was determined by calculating the ratio of the IOD values of the cerebral cortices from each study group to the average IC values (Fig. 4) . TIMP-1 protein expression was higher ( Fig. 4a ; ANOVA, F = 7.41, p < 0.05) 24 h after ischemia compared with the values in sham-treated animals and in the group exposed to ischemia and reperfusion for 4 h. The protein expression of TIMP-2 was higher (Fig. 4b : ANOVA, F = 4.24, p < 0.05) 24 h after ischemia compared with the group exposed to ischemia and reperfusion for 4 h. The protein expression of TIMP-3 was higher ( Fig. 4c ; ANO-VA, F = 6.01, p < 0.05) 24 h after ischemia compared with the values in the sham-treated group and in the group exposed to ischemia and reperfusion for 4 h. Although the patterns of change in TIMP-4 after ischemia were similar to those of TIMP-1, -2, and -3, the protein expression did not exhibit statistically significant changes after ischemia (Fig. 4d) . 
Correlational Analysis between MMP-8 and TIMP-1, -2, and -3 and between MMP-13 and TIMP-1, -2, and -3 after Ischemia-Reperfusion Injury in Fetal Sheep

Correlational Analysis between the BBB Transfer Constant K i and MMP-8 and TIMP-1, -2, and -3 after Ischemia-Reperfusion Injury in Fetal Sheep Cerebral Cortex
We have previously identified increases in BBB permeability using the blood-to-brain transfer constant (K i ) after brain ischemia in the same cohort of fetal sheep [4] . Hence, the changes in MMP-8 and TIMP-1, -2, and -3 were compared to our former blood-to-brain transfer constant (K i ) values to determine whether the changes in MMP-8 and TIMP-1, -2, and -3 were associated with changes in the blood-to-brain transfer constant values after brain ischemia [4] . However, we did not have the blood-to-brain transfer constants from the instrumented sham control animals; therefore, the sham control animals could not be included in the analysis. The changes in the blood-to-brain transfer constant values after brain ischemia did not demonstrate correlations with the changes in MMP-8 (multiple R = 0.17, n = 16, p = 0.52), TIMP-1 (multiple R = 0.17, n = 16, p = 0.53), TIMP-2 (multiple R = 0.09, n = 17, p = 0.73), or TIMP-3 (multiple R = 0.003, n = 16, p = 0.99). These findings suggest that increases in BBB permeability may not be associated with increases in MMP-8 and TIMP-1, -2, and -3 protein expression at these time periods after ischemia in the ovine fetus. Alternatively, the lack of values in the sham-treated subjects, long-term ischemia-reperfusion injury, and limited numbers of fetal sheep studied could have affected the results of the correlations between the BBB permeability and the MMPs and TIMPs.
Discussion
The purpose of the present study was to examine changes in the protein expression of gelatinases (MMP-2 and -9), collagenases (MMP-8 and -13), and their endogenous tissue inhibitors (TIMP-1, -2, -3, and -4) in the cerebral cortices of fetal sheep at 85% of gestation that were exposed to ischemia with reperfusion for 4, 24, or 48 h. Although the presence of basal levels of proteolytic activity for MMP-2 and -9, and TIMP-1 and -2 have been previously detected in primary mixed glial cultures from preterm ovine fetuses at 90 days of gestation [42] , MMPs and TIMPs have not been systematically examined after brain ischemia in a large mammalian animal species. Six main findings can be derived from our study: (1) MMP-2, -9, -8, and -13, and TIMP-1, -2, -3, and -4 are expressed endogenously in the cerebral cortex in fetal life both under basal conditions and after exposure to ischemic insults; (2) protein expression of MMP-2 and -9 does not change in the fetal cerebral cortex after ischemic injury; in contrast, the activity of pro-MMP-2 increases after ischemia; (3) MMP-8 expression gradually increases after ischemia reaching a significant difference 48 h after ischemia; (4) protein expression of TIMP-1, -2, and -3 increases after ischemic brain injury; (5) changes in MMP-8 and -13 protein expression show direct correlations with changes in TIMP-1, -2, and -3, suggesting that there is a balance between MMP-8 and -13 and some of the TIMP inhibitors of MMPs; and (6) correlations were not observed between increases in BBB permeability measured with the blood-brain transfer constant K i and increases in MMP-8 and TIMP-1, -2, and -3 protein expression after ischemia in the fetal sheep brain.
Gelatinase (MMP-2 and -9) expression has been shown to vary both spatially and temporally in the CNS during development [11] . Protein expression of both MMP-2 and -9 was detected in control ovine fetal brain at 85% gestation. Consistent with our findings, mRNA expression of MMP-2 and -9 has been detected in mouse neocortex from embryonic day (E) 14 up to postnatal day (P) 0 [43] . However, only gelatinolytic activity of pro-MMP-2 could be detected in the ovine fetal brain by zymography. In contrast, we were not able to detect MMP-9 activity in the fetal brain. Our findings are consistent with previous reports showing that MMP-9 activity was not detectable in brains of mice from E18 to P120 [11] , and that cleaved-MMP-2 was also not detected in the nonischemic mouse brain [44] .
MMP-2 and -9 play an important role in reperfusion injury after cerebral ischemia. Upregulation of MMP-2 and MMP-9 protein expression has been detected in the plasma of children and full-term neonates after arterial ischemic stroke [10] . Protein expression of cleaved-MMP-2 and cleaved-MMP-9 has also been demonstrated to be increased after 24-and 48-h hypoxic-ischemic brain injury in rat pups on postnatal day 7 [13] . In the current study, we did not observe upregulation of protein expression of pro-and cleaved-MMP-2 and -9. However, the proteolytic activity of pro-MMP-2 increased after ischemia. Our findings of increased proteolytic activity of pro-MMP-2 are consistent with work showing MMP-2 activity increased in the neonatal rat brain after hypoxicischemic injury [13] . In addition, consistent with our findings, increased activity of pro-MMP-2 along with an absence of cleaved-MMP-2 was reported after focal cerebral ischemia in the adult mouse brain [44] . Increased activity of pro-MMP-2 is thought to be associated with early extravasation of plasma constituents [45, 46] . Al-DOI: 10.1159/000489700 though reperfusion injury is thought to potentiate MMP-2 and -9 proteolytic activity, it remains controversial whether MMP-2 and -9 are activated after transient cerebral ischemia [46] . Although we did not observe increases in MMP-2 and -9 protein expression 24 and 48 h after ischemia in the fetal brain, activation of pro-and cleaved-MMP-2 and -9 could occur at more prolonged intervals of reperfusion after ischemia.
MMP-8 and -13 expression has been observed in the developing brain [47] [48] [49] . Consistent with these reports, MMP-8 and -13 expression was detected in the control fetal sheep brain at 85% gestation. Likewise, MMP-8 and -13 are also important molecules implicated in ischemiareperfusion-related brain injury [50] [51] [52] [53] . Our results illustrate a gradual increase in MMP-8 protein expression during short-term periods of reperfusion with the highest expression exhibited 48 h after the ischemic insult in fetal brain. Although upregulation of MMP-8 expression has been reported after adult ischemic brain injury [54, 55] , information regarding changes in MMP-8 protein expression after ischemia is sparse in the brain of subjects in the perinatal period. MMP-8 is released from activated neutrophils and modulates neuroinflammation after cerebral ischemia [51, 55, 56] . Therefore, we speculate that the delayed increase in MMP-8 after ischemia could result from delayed neutrophil infiltration after ischemia in fetal brain. Nevertheless, the role of MMP-8 in cerebral ischemia remains controversial. Some studies have suggested that MMP-8 is a critical factor for brain damage after transient focal cerebral ischemia [55] , whereas other work suggests that MMP-8 could exert protective effects on ischemic brain tissue [57] .
MMP-13 has also been reported to be important in ECM remodeling after cerebral ischemia, and its expression is upregulated after ischemic brain injury in rodents [53] . However, the role of MMP-13 in perinatal brain remains to be determined. Although we demonstrated a similar pattern of MMP-13 expression to that of MMP-8 after ischemic injury, the limited numbers of animals that we were able to study along with the larger standard deviation for MMP-13 could have accounted for a lack of statistical significance (p = 0.06).
TIMPs are naturally occurring inhibitors of MMPs expressed constitutively in brain tissue during development, injury, and tissue repair [58] [59] [60] . TIMP expression has been demonstrated in rodent brain during embryonic and early neonatal life [43, 59] . Consistent with the findings in rodents, we detected TIMP-1, -2, -3, and -4 protein expression in fetal sheep brain at 85% gestation. The balance between MMPs and TIMPs is important for brain plasticity, development, and their related disorders [61] . TIMP expression can be upregulated in response to increases in MMP expression and activity in various pathologic CNS conditions [60, 62, 63] . TIMP-1, -2, and -3 were upregulated in the fetal brain after transient ischemia, but TIMP-4 expression did not change. Previous work has suggested that TIMP-1 and -2 expression was upregulated in the plasma of children and full-term neonates after arterial ischemic stroke [10] and in the neonatal rat brain after hypoxic-ischemic injury [13] . TIMP-1, -2, and -3 may preserve BBB integrity after tissue injury [58, 64] . In this regard, we observed that TIMP-1, -2, and -3 upregulation showed a direct correlation with MMP-8 and -13 expression after ischemia-reperfusion injury. MMP-8 modulates neuroinflammation and is involved in BBB dysfunction after transient cerebral ischemia [55] . On the other hand, MMP-13 expression is increased in damaged blood vessels at the BBB and may be associated with vascular remodeling after brain ischemia [65] . Therefore, we speculate that upregulation of TIMP-1, -2, and -3 could have limited the amount of ischemia-reperfusion-related BBB disruption via MMP-8-and/or -13-dependent mechanisms in the fetal brain [4] .
Although we have previously demonstrated increases in BBB permeability as a function of the duration of reperfusion with maximum increases in permeability detected 4 h after ischemia along with persistent increases in BBB permeability 24 and 48 h after ischemia in the fetus [4], we were not able to detect correlations between changes in BBB permeability and increases in MMP-8 and TIMP-1, -2, and -3 expression after ischemia. This suggests that MMP-8 and TIMP-1, -2, and -3 may not be primarily responsible for ischemia-reperfusion-related BBB damage after short-term recovery from brain ischemia in the fetus. Nevertheless, there were limitations to these analyses as we did not have BBB permeability measures from the sham control fetal sheep in this study, and the number of observations was limited. Therefore, these results need to be interpreted with caution. In addition, we did not measure MMP-8 activity. Therefore, we cannot comment upon the potential relationship between changes in MMP-8 activity and BBB and tight junction dysregulation after ischemia. Consequently, it would also be important in future studies to examine the effect of ischemia on in situ hybridization and zymography combined with the immunohistochemistry of tight junction proteins to understand the role of MMPs in BBB dysregulation after injury in the fetal brain. Moreover, MMP inhibitors have been shown to have neuroprotective effects in neonatal rodents after hypoxic-ischemic brain in- jury [12, 13, 66] . Inhibition of MMP-8 activity partially restores BBB function in a model of human brain microvascular endothelial cells [67] . Therefore, an MMP-8-specific inhibitor such as MMP-8 inhibitor I could be used in future studies to determine the effects of MMP-8 on the BBB after ischemia in the fetal sheep brain.
There is a growing body of evidence showing sexually dimorphic outcomes after hypoxic-ischemic insults in the neonatal brain [68] [69] [70] . However, we did not have sufficient numbers of fetal sheep with sex identification to detect sex-related differences in MMPs or TIMPs after brain ischemia in the fetal sheep brain. There are several other limitations to our study along with opportunities for additional studies. In the current study, we tested protein expression and enzymatic activity of MMP-2, and -9, and protein expression of MMP-8 and -13 and TIMP-1, -2, -3, and -4 after ischemia. However, several other MMPs (e.g., MMP-1, -3, and -10) could be potentially important after ischemic brain injury, too [71] . More importantly, the proteolytic activities of MMP-8 and -13 and TIMP-1, -2, -3, and -4 were not determined in our study because we had limited samples available from our previous work [4, 30, 31] . In addition, it would be of interest to use quantitative methods including reverse zymography and enzyme immunoassays to measure proteolytic activities of MMPs and TIMPs. Additionally, we did not determine the levels of protein expression and proteolytic activities of MMPs and TIMPs after longer intervals of reperfusion in the fetal brain. We were not able to detect changes in MMP-2, -9, and -13 in our current study, which potentially reflects our relatively small sample size, short-term reperfusion after ischemia, and/or individual variability in the responses to ischemia. Ischemic-reperfusion injury also disrupts cerebral capillaries predisposing to cerebral edema [72] . Although the results of our current study have the limitations described above, to the best of our knowledge this is the first report of MMPs and TIMPs in the fetal sheep brain after ischemia-reperfusion-related brain injury. Our findings suggest that MMPs could be potential therapeutic targets for the ischemia-reperfusion-related brain injury in the perinatal period.
Conclusions
MMPs and TIMPs play an important role in brain development, ECM remodeling, BBB integrity, and various pathological processes [15, 19, 43, 60] . In the present study, we obtained Western immunoblot data on MMP-2, -8, -9, and -13, and TIMP-1, -2, -3, and -4 expression in the cerebral cortex of fetal sheep after exposure to ischemia and reperfusion for 4, 24, and 48 h. We conclude that MMP-2, -8, -9, and -13, and TIMP-1, -2, -3, and -4 are present in the ovine fetal brain and that pro-MMP-2 and -8, and TIMP-1, -2, and -3 are upregulated after ischemia in fetal brain. Based upon these findings, we speculate that MMPs and TIMPs play an important role in the ischemia-reperfusion-related injury in the brain during the perinatal period.
